1. Introduction {#sec0010}
===============

Systemic lupus erythematosus (SLE) is an autoimmune disorder featured with production of a variety of autoantibodies ([@ref037]). This disease is more commonly found in females than in males with a ratio 9:1 ([@ref019]). Although the pathogenesis of SLE remains obscure, it has been suggested that genetic ([@ref019]; [@ref044]; [@ref055]), epidemiologic ([@ref015]; [@ref050]) and hormonal factors ([@ref040]) are involved. The clinical manifestation of SLE involves multiple organ systems and the central nervous system (CNS) is one of them. Different kinds of brain abnormalities, including hippocampal and corpus callosum atrophy as well as reduction of cortical thickness have been reported from the SLE patients ([@ref004]; [@ref005]; [@ref031]). Also, patients with neuropsychiatric SLE (NPSLE) were found to have neuropsychiatric symptoms such as cognitive dysfunction, delirium (acute confusion state), anxiety, mood disturbance and psychosis ([@ref059]), which may impact negatively on quality of life ([@ref013]). Although the mechanisms underlying the psychiatric symptoms remain elusive, it has been shown that SLE could lead to damage in the hippocampus ([@ref008]) and the anti-NMDAR antibody presented in SLE patients was able to cause neuronal death ([@ref034]). Given that hippocampus is involved in emotional regulation, mood disturbances in SLE patients may be a possible consequence of hippocampal damage.

Adult neurogenesis is the process in which functional neurons are generated from their adultprogenitor cells ([@ref042], [@ref043]). The subventricular zone (SVZ) is one of the brain regions where active neurogenesis takes place ([@ref042], [@ref043]). New neurons generated in the SVZ migrate to the olfactory bulb (OB), in where they become mature and differentiate into interneurons ([@ref002]; [@ref033]; [@ref039]). The SVZ neurogenesis was suggested to be important for odor discrimination ([@ref004]; [@ref026]) and sexual behaviour ([@ref010]; [@ref056]). Apart from the SVZ, adult neurogenesis also occurs in the hippocampus ([@ref042], [@ref043]). Hippocampal neurogenesis may enhance synaptic plasticity within a specific time period ([@ref024]) and it is necessary for pattern separation ([@ref014]). Altered hippocampal neurogenesis is also suggested to be a possible mechanism underlying psychiatric symptoms ([@ref053]). Neurogenesis has been found to increase under different pathological conditions, including stroke ([@ref006]; Liu, Solway, Messing, & Sharp, 1998; [@ref049]), intracerebral hemorrhage ([@ref041]), mechanical brain injury ([@ref060]), Huntington's disease ([@ref018]) and seizure-induced injury ([@ref048]). Studies have suggested that neurogenesis may be a particular form of endogenous neural repair in response to neuronal cell loss caused by the diseases. Brain damage and neuropsychiatric symptoms have been reported from the SLE patients; however, study focusing on neurogenesis and SLE is limited.

Doublecortin (DCX) is a microtubule-associated protein which is expressed in neuronal precursor during brain development ([@ref020]; [@ref027]). Its expression peaks at the regions where active neurogenesis occurs, including the dentate gyrus and the lateral ventricle ([@ref011]), but it is unlikely to be found in the non-neurogenic regions ([@ref046]). It has been shown that DCX is specifically expressed by the newly generated healthy neurons in the adult dentate gyrus ([@ref052]) and there is also evidence suggesting that DCX is a reliable and specific marker for measuring the rate of neurogenesis ([@ref016]). Previous studies have reported cell proliferation could be found in the SVZ of the MRL/MpJ mice and the MRL/MpJ-*Fas ^*lpr*^* mice ([@ref007]; [@ref057]). The present study used DCX as the marker of neuronal precursor cells to study whether neurogenesis could be found in our SLE animal model- female NZB/W F1 mice; also we would like to investigate whether new neuronal cells could be observed in the brain regions other than the SVZ.

In addition to neurogenesis, neuroinflammatory responses after the onset of SLE symptoms were also examined in the present study. Neuroinflammation is usually characterised by microglial and astroglial activation. Microglia are hallmark of brain pathology ([@ref021]) and these cells respond to different types of CNS injuries ([@ref025]). During autoimmune inflammation, microglia release different kinds of cytokines such as IL-1, TNF-*α* and IFN-*γ* and other harmful chemical species, including proteases and reactive oxygen intermediates ([@ref025]). The neuronal cell injury has been shown to be mediated by the neurocytotoxic-free radical secreted by the microglia, e.g. nitric oxide (NO) ([@ref009]; [@ref012]). Being similar to microglia, astrocytes could also vigorously react to neurodegenerative stimuli ([@ref022]) and their activation is considered as an implication of the pathogenesis of various neurodegenerative diseases ([@ref022]). It was suggested that severe astroglial activation could damage the brain by the initiation of inflammatory responses ([@ref061]), and astrocytes could produce toxic substances such as nitrite oxide which causes neuronal cell death ([@ref058]). The marker widely used for the detection of microglia and astrocytes are respectively ionized calcium binding adaptor molecule 1 (IBA-1) and glial fibrillary acidic protein (GFAP). IBA-1 is a protein which is specifically expressed by the microglia and it could not be detected in neurons, astroglia, or oligodendroglia ([@ref030]), whereas GFAP is usually expressed by astrocytes and its expression has been reported to correspond to the level of astroglial activation ([@ref022]; Eng, Yu, & Lee, 1992). To study SLE neuroinflammation in the present study, we examined both IBA-1+ cells and GFAP+ cells in our SLE animal model.

2. Materials and methods {#sec0015}
========================

2.1. Animals {#sec0020}
------------

Female NZB/W F1 mice were used as an animal model of SLE since they develop SLE symptoms spontaneously ([@ref051]). In the present study, they were divided into two groups: Pre-diseased mice (*n* = 5--8) and diseased mice (*n* = 4--8). Pre-diseased mice were usually 10--15 weeks old, before the onset of SLE symptoms; diseased mice were usually older than 25 weeks and had SLE symptoms. Disease progression was assessed by weekly monitoring of two parameters: Serum anti-dsDNA IgG in arbitrary unit (by ELISA) and proteinuria measurement (by protein dipstick). Pre-diseased mice were negative for proteinuria with basal levels of anti-dsDNA autoantibodies. Diseased mice had serum titre \> 3 standard deviations (SD) above the mean anti-dsDNA autoantibodies titre of the pre-diseased mice and had persistent proteinuria (\>3 mg/ml for more than 2 weeks). The experimental protocol was approved by the animal ethics committee of The University of Hong Kong (Committee on the Use of Live Animals in Teaching and Research). Animals were housed with a 12-h light/ dark cycle.

2.2. Tissue processing and immunohistochemistry {#sec0025}
-----------------------------------------------

Brains of the mice were dissected and fixed in 4% paraformaldehyde overnight. Cryosections of 40 μm thickness were further prepared in 1-in-12 series by using freezing microtome.

To detect doublecortin (DCX), brain sections were affixed to gelatine-coated slides and allowed to air dry overnight. For antigen retrieval, sections were incubated in citric acid (0.01M, pH6.0) at 90°C for 10 minutes. After blocking with 10% goat serum, the sections were incubated with primary antibody (rabbit anti-DCX antibody, 1:400 dilution, Cell Signaling Technology) overnight at room temperature. Then the sections were incubated with secondary antibody (biotinylated goat anti-rabbit antibody, 1:200 dilution, Dako) at room temperature for 2 hours and they were further incubated with avidin-biotin complex (ABC) solution (1:200, Vector laboratories) at room temperature for 2 hours. DCX staining was visualised by liquid DAB substrate kit (Invitrogen) according to the manufacturer's protocol. After counterstaining with eosin and dehydrating through graded alcohols, sections were cleared in xylene and mounted.

For the detection of ionized calcium binding adaptor molecule-1 (IBA-1) and glial fibrillary acidic protein (GFAP), brain sections on the gelatine-coated slides were blocked by 10% goat serum after incubation in citric acid (0.01M, pH6.0) at 90°C for 10 minutes for the antigen retrieval. Brain sections were then incubated with primary antibody (rabbit anti-IBA-1 antibody, 1:500 dilution, Wako) or primary antibody (rabbit anti-GFAP antibody, 1:1000 dilution, Dako) overnight at room temperature. Secondary antibody (Alexa fluor 488-conjugated goat anti-rabbit antibody, 1:200 dilution, Invitrogen) was used for both IBA-1 and GFAP staining.

Stereoinvestigator program (MicroBrightField, Williston, VT) was used to quantify the number of antibody positive cells. ([@ref036]). All the quantification processes were conducted in a blinded manner. Results were expressed as number of cells per section for the corpus callosum, the SVZ and the dentate gyrus.

2.3. Statistical analysis {#sec0030}
-------------------------

Comparisons between two groups of mice were performed by Student's *t*-test. Statistically significant difference was indicated when *p*≤0.05. Data are expressed as mean ± SEM.

3. Results {#sec0035}
==========

3.1. Change in brain colour after the onset of SLE symptoms {#sec0040}
-----------------------------------------------------------

When compared to the brains of the pre-diseased mice, the brains of the diseased mice appeared paler upon dissection ([Fig. 1](#rnn-34-rnn160638-g001){ref-type="fig"}). No perfusion process was performed on the brains of both groups of mice.

3.2. Significant increase in DCX+ neuronal precursor cells in the corpus callosum and the SVZ after the onset of SLE symptoms {#sec0045}
-----------------------------------------------------------------------------------------------------------------------------

To study neurogenesis before and after the onset of SLE symptoms, we used DCX immunohistochemistry to compare the number of neuronal precursor cells in the pre-diseased mice and the diseased mice. The results showed that significantly higher numbers of DCX+ cells were found in the corpus callosum of the diseased mice when compared to the pre-diseased mice ([Fig. 2](#rnn-34-rnn160638-g002){ref-type="fig"}; *p* \< 0.05). After finding neuronal precursor cells increased dramatically in the corpus callosum after the onset of SLE symptoms, we further quantified DCX+ cells in the SVZ and the cortex in both groups of mice. The number of DCX+ cells in the SVZ was significantly higher in the diseased mice when compared to the pre-diseased mice ([Fig. 2](#rnn-34-rnn160638-g002){ref-type="fig"}; *p* \< 0.05). In the cortex, no DCX+ cells could be found in either group ([Fig. 3](#rnn-34-rnn160638-g003){ref-type="fig"}). As the DCX+ cells in the corpus callosum of our SLE animal model exhibited migrating-like phenotype ([Fig. 4](#rnn-34-rnn160638-g004){ref-type="fig"}), it was likely that the DCX+ cells found in the diseased mice were migrating.

3.3. Decrease in DCX+ neuronal precursor cells in the dentate gyrus after the onset of SLE symptoms {#sec0050}
---------------------------------------------------------------------------------------------------

We studied whether neurogenesis was altered in the hippocampus after the onset of SLE symptoms. In contrast to the corpus callosum and the SVZ, we found that the number of DCX+ cells in the dentate gyrus of the diseased mice significantly decreased when compared to the pre-diseased mice ([Fig. 5](#rnn-34-rnn160638-g005){ref-type="fig"}; *p* \< 0.01).

3.4. Increase in IBA-1+ cells and GFAP+ cells in the corpus callosum after the onset of SLE symptoms {#sec0055}
----------------------------------------------------------------------------------------------------

Apart from DCX+ cells, we examined IBA-1+ cells and GFAP+ cells in the corpus callosum of the pre-diseased mice and the diseased mice. The results showed that the number of IBA-1+ cells ([Fig. 6](#rnn-34-rnn160638-g006){ref-type="fig"}; *p* \< 0.01) and GFAP+ cells ([Fig. 7](#rnn-34-rnn160638-g007){ref-type="fig"}; *p* \< 0.05) was significantly higher in the diseased mice when compared to the pre-diseased mice.

4. Discussion {#sec0060}
=============

The major finding of the present study is that there was a dramatic increase of DCX+ cells detected in the corpus callosum of the female NZB/W F1 mice after the onset of SLE symptoms with significant increases also in the SVZ; in addition, we have found reduced neurogenesis in the hippocampus in our SLE animal model ([Table 1](#rnn-34-rnn160638-t001){ref-type="table"}). Consistent with our results, suppressed neurogenesis has been reported in the previous study in another animal model of SLE- BAFF mice, in which a smaller number of hippocampal DCX+ cells were found when compared to the wild type ([@ref017]) ([Table 2](#rnn-34-rnn160638-t002){ref-type="table"}). Our study has further suggested the relationship between SLE and impaired hippocampal neurogenesis. Although increased cell proliferation in the SVZ has been previously reported in other SLE models- MRL/MpJ mice and MRL/MpJ-*Fas*^*lpr*^ mice ([@ref007]; [@ref057]) ([Table 2](#rnn-34-rnn160638-t002){ref-type="table"}), to the best of our knowledge, an analysis of neuronal precursors in the corpus callosum has not been included in the previous studies. Under normal circumstances, new neurons generated in the SVZ migrate along the RMS to the OB ([@ref002]; [@ref033]; [@ref039]) and those neurons seldom reach the corpus callosum. Though the rare and abnormal migration of the new cells to the corpus callosum has been mentioned in other pathological conditions, e.g. stroke ([@ref028]; [@ref047]), our report of this phenomenon in the NZB/W F1 mice after the onset of SLE symptoms is novel. Our study is the first study showing the presence of neuronal precursor cells in the corpus callosum in the SLE animal model.

DCX is a microtubule-associated protein which is specifically expressed in migrating neuronal precursors ([@ref016]), and it is also a widely-used marker for neuronal precursor cells ([@ref052]) which could reflect the level of neurogenesis ([@ref016]). Since DCX has a critical role on neuronal migration ([@ref032]) and the DCX+ cells in our diseased mice exhibited the migrating-like morphology (elongated and leading processes) ([@ref054]; [@ref063]), it was likely that the DCX+ cells in the diseased mice of the present study were migrating. As the SVZ is the brain region where active neurogenesis takes place ([@ref042], [@ref043]), it is possible that the DCX+ cells were migrating from the SVZ to the corpus callosum after the onset of SLE symptoms. Since we could not find any DCX+ cells in the cortex of the diseased mice, we deduced that the DCX+ cells may have stopped migrating after they had reached the corpus callosum. At present, it is elusive why the abnormal migration was found in the corpus callosum after the onset of SLE symptoms. As different kinds of mood disorders, cognitive disorders and structural brain abnormalities were commonly found in the SLE patients ([@ref004]; [@ref005]; [@ref031]; [@ref059]), it is worth further investigation on whether the altered migration of neuronal precursor cells has any relationship with those brain-related disorders.

Previous studies have reported that SLE results in inflammation in the brain ([@ref017]; [@ref035]). Activation of microglial cells and increased astrogliosis has been found in the hippocampus in different murine models of SLE, e.g. NZB/W F1 mice and BAFF transgenic mice ([@ref017]; [@ref035]). In the present study, after the onset of SLE symptoms, we have found the number of IBA-1 + cells and GFAP+ cells also increased in the corpus callosum of the female NZB/W F1 mice. In contrast to the finding in the hippocampus in the previous study ([@ref017]), in which hippocampal neurogenesis decreased with neuroinflammation exacerbated, our results showed that the corpus callosum of the diseased mice had the increase of neuronal precursors apart from the activation of microglia and astrocytes. The present finding suggests that neuroinflammation in SLE may not always suppress neurogenesis. According to literature, it has been shown that microglia could promote neurogenesis. Mouse microglial cells have been found to direct neural precursor cell migration and promote both adult and embryonic neural precursors to differentiate toward neuronal lineage ([@ref001]). Another study also showed that microglia released neurotrophic factors and enhanced proliferation of neuronal precursor cells; it was suggested that the proliferation was mediated by the activation of MAPK, PI3K/Akt and delta-Notch signaling pathways ([@ref045]). Apart from microglia, many studies also support the role of astrocytes in neurogenesis. Both *in vivo* and *in vitro* studies have found that astrocytes can promote migration of neural stem cells by releasing immunological factors, e.g. SDF- l*α* ([@ref029]; [@ref064]); furthermore, treatment of conditioned medium prepared from LPS-stimulated astrocytes could enhance proliferation and differentiation of neural stem cells ([@ref062]). But for SLE, the possible relationship between neurogenesis and neuroinflammation remains unclear. There may be the possibility that IBA-1+ cells and GFAP+ cells could more or less contribute to the neurogenesis after the onset of SLE symptoms in our SLE animal model, maybe by releasing some kind of immunological factors or growth factors that could promote neurogenesis. However, this could not be confirmed until further studies are performed.

To conclude, our study has found the abnormal increase of neuronal precursor cells in the corpus callosum of the female NZB/W F1 mice after the onset of SLE symptoms. The finding suggests that neurogenesis may be altered in this SLE model. As different manifestations of brain abnormalities and psychiatric symptoms were commonly found in the SLE patients ([@ref004]; [@ref005]; [@ref031]; [@ref059]), further investigation of any functional consequence of altered neurogenesis in SLE models would be of interest.
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![Unfixed and non-perfused brains of the pre-diseased mice and the diseased mice. Photograph showing the brains of the pre-diseased mice (left) and the diseased mice (right).](rnn-34-rnn160638-g001){#rnn-34-rnn160638-g001}

![DCX+ cells in the corpus callosum and the SVZ of the pre-diseased mice and the diseased mice (A) Quantification of DCX+ cells in the corpus callosum of the pre-diseased mice and the diseased mice. Results were expressed as mean ± SEM., *n* = 5 for each group of mice. Data was analysed by Student's *t*-test. ^\*^*p* \< 0.05 compared with the pre-diseased mice. (B) Quantification of DCX+ cells in the SVZ of the pre-diseased mice and the diseased mice. Results were expressed as mean ± SEM., *n* = 7 for the pre-diseased mice and *n* = 8 for the diseased mice. Data was analysed by Student's *t*-test. ^\*^*p* \< 0.05 compared with the pre-diseased mice. (C) Representative image showing DCX+ cells in the corpus callosum and the SVZ of the pre-diseased mice; scale bar 100 μm. (D) Representative image showing DCX+ cells in the corpus callosum and the SVZ of the diseased mice; scale bar: 100 μm.](rnn-34-rnn160638-g002){#rnn-34-rnn160638-g002}

![No DCX+ cell was found in the cortex of the pre-diseased mice and the diseased mice Representative images showing no DCX+ cell was found in the cortex of (A) the pre-diseased mice and (B) the diseased mice; scale bar: 100 μm.](rnn-34-rnn160638-g003){#rnn-34-rnn160638-g003}

![DCX+ cells in the corpus callosum and the SVZ after the onset of SLE symptoms Photos taken from anterior to posterior brain sections showing the distribution of DCX+ cells in the corpus callosum and the SVZ of the diseased mice; scale bar: 100 μm. The DCX+ cells exhibited the migrating-like phenotype and it was shown in the magnified photo ([Fig. 4E](#rnn-34-rnn160638-g004){ref-type="fig"}); scale bar: 100 μm.](rnn-34-rnn160638-g004){#rnn-34-rnn160638-g004}

![DCX+ cells in the dentate gyrus of the pre-diseased mice and the diseased mice (A) Quantification of DCX+ cells in the dentate gyrus of the pre-diseased mice and the diseased mice. Results were expressed as mean ± SEM., *n* = 5 for the pre-diseased mice and *n* = 4 for the diseased mice. Data was analysed by Student's *t*-test. ^\*\*^*p* \< 0.01 compared with the pre-diseased mice. (B) Representative image showing DCX+ cells in the dentate gyrus of the pre-diseased mice; scale bar 50 μm. (C) Representative image showing DCX+ cells in the dentate gyrus of the diseased mice; scale bar: 50 μm.](rnn-34-rnn160638-g005){#rnn-34-rnn160638-g005}

![IBA-1+ cells in the corpus callosum of the pre-diseased mice and the diseased mice (A) Quantification of IBA-1+ cells in the corpus callosum of the pre-diseased mice and the diseased mice. Results were expressed as mean ± SEM., *n* = 8 for each group of mice. Data was analysed by Student's *t*-test. ^\*\*^*p* \< 0.01 compared with the pre-diseased mice. (B) Representative immunofluorescent image showing IBA-1+ cells in the corpus callosum of the pre-diseased mice; scale bar: 100 μm. (C) Representative immunofluorescent images showing IBA-1+ cells in the corpus callosum of the diseased mice; scale bar: 100 μm.](rnn-34-rnn160638-g006){#rnn-34-rnn160638-g006}

![GFAP+ cells in the corpus callosum of the pre-diseased mice and the diseased mice (A) Quantification of GFAP+ cells in the corpus callosum of the pre-diseased mice and the diseased mice. Results were expressed as mean ± SEM., *n* = 7 for the pre-diseased mice and *n* = 6 for the diseased mice. Data was analysed by Student's *t*-test. ^\*^*p* \< 0.05 compared with the pre-diseased mice. (B) Representative immunofluorescent image showing GFAP+ cells in the corpus callosum of the pre-diseased mice; scale bar: 50 μm. (C) Representative immunofluorescent image showing GFAP+ cells in the corpus callosum of the diseased mice; scale bar: 50 μm.](rnn-34-rnn160638-g007){#rnn-34-rnn160638-g007}

###### 

Summary showing the change of different markers- DCX, IBA-1 and GFAP in different brain regions of the diseased mice when compared with the pre-diseased mice in the present study

  DCX                   IBA-l   GFAP  
  -------------------- ------- ------ ---
  Subventicular zone      ↑      ?     ?
  Corpus Callosum         ↑      ↑     ↑
  Hippocampus             ↓      ?     ?

Abbreviations: ↑, increased; ↓, decreased; ?, haven't studied.

###### 

Summary showing the change of the markers-DCX and BrdU in different animal models of SLE

                        BAFF ([@ref017])   MRL/MpJ ([@ref007])   MR/MpJ-Fas^*lpr*^ ([@ref057])   NZB/WF1 (The present study)                                   
  -------------------- ------------------ --------------------- ------------------------------- ----------------------------- ---- ----------------------- --- ---
  Subventicular zone           ?                    ?                         \+                              ↑                \+   ↑ (BrdU Protuberance)   ↑   ?
  Corpus Callosum              ?                    ?                          ?                              ?                ?              ?             ↑   ?
  Hippocampus                  ↓                    ↓                          ?                              ?                \+             ↑             ↓   ?

Abbreviations: ↑, increased; ↓, decreased; +, presence; ?, haven't mentioned.
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